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Understanding the formation of wide binary systems of very low mass stars (M ≤ 0.1 M⊙)
is challenging1–3. The most obvious route is via widely separated low-mass collapsing frag-
ments produced through turbulent fragmentation of a molecular core4, 5. However, close
binaries/multiples from disk fragmentation can also evolve to wide binaries over a few ini-
tial crossing times of the stellar cluster through tidal evolution6. Finding an isolated low
mass wide binary system in the earliest stage of formation, before tidal evolution could occur,
would prove that turbulent fragmentation is a viable mechanism for (very) low mass wide
binaries. Here we report high resolution ALMA observations of a known wide-separation
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protostellar binary, showing that each component has a circumstellar disk. The system is
too young7 to have evolved from a close binary and the disk axes are misaligned, providing
strong support for the turbulent fragmentation model. Masses of both stars are derived from
the Keplerian rotation of the disks; both are very low mass stars.
The two main theoretical formation mechanisms for multiple stars are turbulent fragmen-
tation and disk fragmentation. These mechanisms result in different distributions of companion
separations; wide (separation> 500 AU) binaries naturally form through turbulent fragmentation8,
and close binaries form through disk fragmentation9. However, dynamical processes such as three-
body interactions, radial migrations, and interactions with cluster members6, 8, 10 can turn initially
close binaries into wide binaries. Therefore, in order to demonstrate formation by turbulent frag-
mentation, it is crucial to observe protostellar binary or multiple systems, which are younger than
0.5 Myrs, the timescale of the embedded protostellar phase11, and thus, can reveal their initial
configurations.
A survey of protostars in the Perseus molecular cloud found a bi-modal distribution of com-
panion separations with a peak at 75 AU and another at 3000 AU12. Therefore, evidence exists for
both modes of binary formation. In addition, recent high resolution observations isolate specific
targets to support each formation mechanism. Compelling evidence for disk fragmentation was re-
vealed by a triple protostellar system forming in a common protostellar disk13. On the other hand,
a quadruple condensation system was discovered and the authors claimed that it is evolving into a
stellar system with a wide separation14; however, this system has so far formed only one protostar,
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and its ultimate outcome is unclear.
Although the systems with larger separations are plausible candidates for formation by turbu-
lent fragmentation, confirmation of this possibility requires further evidence, the misalignment of
rotation axes of stars, disks, and outflows15. Turbulent fragmentation generates binaries with mis-
aligned rotation axes because the angular momentum distribution in a turbulent core is random8.
By contrast, binaries with aligned rotation axes (≤ 20◦)15 are predicted if the secondary member is
formed in a large co-rotating massive disk/ring around the primary16 or if they are formed through
the fragmentation driven by the centrifugal force in a flattened cloud core. Protostellar rotational
axes are difficult to measure, but the bipolar outflow driven by a star-disk system can be used to
test the alignment of angular momentum in the system15. However, outflow studies suffer from
environmental effects17 or interactions between multiple outflows. A better indicator is the mis-
alignment of disk rotation axes, but disk rotation axes of wide binaries have been reported only in
the T-Tauri stage (more evolved than the protostellar stage) 18–21, which suffer from tidal evolution
effects.
IRAS 04191+1523 is a known protostellar binary system with a projected separation of 6′′.1
(∼ 860 AU) between members22 in Taurus, whose distance is 140 pc. Both companion protostars
are in the early embedded evolutionary stage of Class I7, 23. The primary (protostar A) has a lumi-
nosity of 0.6 L⊙, and the secondary (protostar B) has 0.04 L⊙
22, 24, 25. Based on their luminosities,
the secondary was considered as a candidate proto-brown dwarf26. However, the protostellar lu-
minosity is dominated by accretion luminosity, which depends on both stellar mass and accretion
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rate. The only accurate way to compute protostellar masses is to observe Keplerian rotation27.
IRAS 04191+1523 was observed with ALMA simultaneously in the 1.3 mm continuum and
the C18O (J=2–1) emission on 4 January 2015, with ∼1.5′′ resolution. The 1.3 mm continuum
was re-observed with ALMA, obtaining better resolution (∼0.2′′) on 28 September 2016. The
ALMA observations (Figure 1) at the lower resolution reveal two compact continuum sources,
one for each protostar, connected by a bridge of emission in C18O. The C18O gas bridge and the
same central velocities inferred from the C18O spectra over the elongated feature show that the
two protostars belong to a single star-forming cloud core. The Herschel/PACS images26 show a
single core, flattened along the this C18O emission bridge, with a size of 0.02 pc, demonstrating
sub-fragmentation within an isolated core.
The two continuum sources were resolved only in the higher resolution image (Figure 2). In
the unresolved images (upper panel of Figure 3), the total continuum fluxes are 52.6 (± 1.6) mJy
and 87.1 (± 2.0) mJy for protostars A and B, respectively. In the resolved images (lower panel of
Figure 3), they are 53.5 (± 1.1) mJy and 71.1 (± 3.2) mJy for protostars A and B, respectively. The
agreement between continuum fluxes from the two resolution images of protostar A indicates that
the continuum sources are disks. On the other hand, the difference in flux between the two different
images of protostar B indicates that no more than 20% (16/87) can be attributed to an envelope.
We assume that the flux from the disk is 71.1 mJy as measured from the higher resolution image.
We use the higher resolution continuum image to derive the physical parameters of the con-
tinuum sources; the continuum comes from the thermal radiation of dust and provides the masses
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of circumstellar material. Each of the dust continuum sources has the size and mass of a typical
protostellar accretion disk (see Methods). The projected position angles of two disks derived from
the dust continuum emission are significantly different by 55 ± 5 degrees (Supplementary Table
1), indicative of misaligned disk axes.
Since the gaseous disks are resolved even at the lower resolution, the C18O emission provides
information on the kinematics of the disks; the C18O emission associated with each disk shows a
velocity shift from one end of the disk to the other end, indicating rotation (Figure 3). In the
red-shifted and blue-shifted velocity components together, the velocity shift is consistent with a
Keplerian rotation profile (see Methods). Figure 4 presents the best-fit Keplerian rotation velocity
profile in the peak-position-velocity diagram of each source; the position of the emission peak is
found by Gaussian fitting of the emission distribution along the white line in Figure 3 for a given
velocity. The minimum masses of the central objects (the protostars) can be derived from the best-
fit models of these peak-position-velocity diagrams. Protostar A and B both haveM∗ = 0.09M⊙,
assuming edge-on disks (see Supplementary Table 3). If the disk has an intermediate inclination,
the corresponding mass should be scaled by 1/sin2i, where i is the inclination angle (i = 90◦
for edge-on disk). The aspect ratio of deconvolved continuum source size suggests the inclination
angles of 55◦ and 59◦ for the disks of protostars A and B, respectively (see Methods). Therefore,
the masses after correction for the inclinations are ∼0.14 and 0.12 M⊙, which are close to the
criterion of very low mass star (M∗ ≤ 0.1M⊙).
Protostar B cannot be substellar, unlike what would be expected from its very low luminosity26.
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Assuming that most of the luminosity comes from the mass accretion onto the protostars and pro-
tostellar radii are 2R⊙, the accretion rate of protostar A (M˙ ∼ 2.8 × 10−7 M⊙yr−1) is greater
than that of protostar B (M˙ ∼ 2.1 × 10−8 M⊙yr−1) by a factor of ∼ 13. The current protostellar
masses are similar to those of very low-mass stars, but they may grow by further accretion from
the disks and envelope. Assuming a dust temperature of 30 K and a gas-to-dust mass ratio of 100,
the disk masses are (3.70 ± 0.08)× 10−3 M⊙ and (4.91 ± 0.22)× 10−3 M⊙ for protostars A and
B, respectively (see Methods). These disks cannot substantially increase the central masses. The
total mass of the protostellar envelope is 0.1 M⊙
28. Assuming that 30%–50% of the envelope mass
eventually winds up in the protostars11, the future contribution from the envelope may be ∼0.04
M⊙. Consequently, the protostars cannot grow very much, and the final configuration is likely to
be a pair of low mass stars separated by at least 1000 AU. If the accretion rate of protostar A stays
much larger than that of protostar B even in the future, the primary mass will be about 0.18 M⊙,
which is not much bigger than the secondary mass (0.12 M⊙).
From Kepler’s third law, with the total mass of 0.26 M⊙, the orbital period of the binary
system is ∼ 5 × 104 (± 5.5 × 103) years if we consider the projected separation (860 AU) as the
actual separation between companions; the dominant error of orbital period is the distance error,
which is about 10 pc. If the separation on the plane of sky is the same as the separation along
the line of sight, the actual separation is
√
2 times the projected separation, and the orbital period
becomes 0.1 Myr. A significant change of system configuration by tidal interactions would take
a time much longer than the orbital period. The age of IRAS 04191+1523 is about 0.1 Myr in
the assumption of a typical protostellar accretion rate of 10−6 M⊙yr
−1 and the protostellar mass
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of 0.1 M⊙. Its age should not exceed the timescale (0.5 Myr) of the protostellar phase
11. The
similarity between the envelope and each protostellar mass indicates that IRAS 04191+1523 is a
relatively young Class I source29. Therefore, the orbital period of the IRAS 04191+1523 system is
comparable with its age, and this binary system should still be in its initial configuration.
The projected disk rotation axes are perpendicular to the white lines over two gaseous disks
in FIgure 3, which are misaligned by 77◦ (see Methods), indicating that they formed via turbulent
fragmentation since this binary is too young to modify the alignment of rotational axes by tidal
interactions between companions15. The derived orbital period of the isolated lowmass protostellar
binary system, IRAS 04191+1523, also demonstrates that wide binary systems can be formed by
the turbulent fragmentation mechanism, without disk fragmentation/migration. Disk fragmentation
and tidal evolution by cluster members cannot explain the existence of this pair either because the
stellar density in Taurus is too low30 to alter their orbital parameters. The timescale for the tidal
evolution in Taurus is on the order of a few crossing times6, or about 100 Myr, much longer than
the age of this system. The crossing time for a low density cluster with the stellar initial half-mass
radius of 2.53 pc and the initial average velocity dispersion of 0.3 km s−1 , which are similar to the
conditions in Taurus, is 17 Myrs31. Therefore, our high resolution ALMA observations of IRAS
04191+1523 imply that wide binaries in a large range of mass even down to substellar regime can
be formed by turbulent fragmentation although parameter spaces for very low mass turbulent cores
have not been yet explored by theoretical calculations4, 5, 8.
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METHODS
ALMA observations
IRAS 04191+1523 was observed using the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) during Cycle 2 (2013.1.00537.S, PI: Jeong-Eun Lee) on 2015 Jan. 4 and dur-
ing Cycle 3 (2015.1.00186.S, PI: Michael Dunahm) on 2016 Sep. 28. For the Cycle 2 ob-
servation, three spectral windows were centered at 219.5604 GHz (C18O J = 2→ 1), 216.113
GHz (DCO+ J = 3→ 2), and 231.322 GHz (N2D+ J = 3→ 2), each with a bandwidth of 58.6
MHz and spectral resolution of 61 kHz (∆v ∼0.08 km s−1). A continuum window was cen-
tered at 234 GHz with a bandwidth of 468.75 MHz. The phase center was at (α, δ)J2000 =
(04h22m00.41s,+15◦30′21.2′′), and the total observing time was 54 minutes. Thirty-eight 12-
m antennas were used with baselines in the range from 15 m (≃10 kλ) to 350 m (≃255 kλ) to
provide the synthesized beam size of 1′′.83 × 1′′.26 (PA=−88.3◦) when the natural weighting is
adopted.
For the Cycle 3 observation, two continuum windows were centered at 231.1 GHz and 218.
5 GHz with a bandwidth of 2 GHz. Two spectral windows were set to cover CO J = 2→ 1, 13CO
J = 2→ 1, and C18O J = 2→ 1, but the total observing time (13 minutes) was too short to detect
those lines. The phase center was at (α, δ)J2000 = (04
h22m00.079s,+15◦30′24.833′′). Forty 12-m
antennas were used with baselines in the range from 15 m (≃11 kλ) to 3 km (≃2327 kλ) to provide
the synthesized beam size of 0′′.24× 0′′.14 (PA=14◦.7) when the uniform weighting is adopted.
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We carried out a standard reduction using CASA32 for both data sets. The nearby quasar
J0510+1800 was used for phase and flux calibration, and J0423-0120 provided a bandpass cali-
bration for the Cycle 2 data. For the Cycle 3 data, J0510+1800 was used for bandpass and flux
calibration while J0407+0742 was used for phase calibration. The visibility data were imaged us-
ing the CLEAN algorithm with natural weighting for C18O to have a higher signal-to-noise ratio
while uniform weighting was used for the continuum images to provide higher resolutions. For
the Cycle 2 data, the RMS noise levels for C18O, DCO+, and N2D
+ are 7, 5, and 8 mJy beam−1,
respectively, while the continuum rms noise is 1.0 mJy beam−1. For the Cycle 3 data, the rms noise
level for the continuum is 0.45 mJy beam−1.
Disk masses and inclinations
In the 1.3 mm continuum, the disks are unresolved at the lower resolution of ∼1.2′′ while
they are resolved at the high resolution of ∼0.2′′ (see Figure 2 in the main paper). The disk of A
is marginally resolved and its deconvolved size is about 26 AU in diameter. The deconvolved disk
size of B is about 85 AU in diameter, which is much bigger than the beam size. We use the high
resolution images to derive disk properties. Supplementary Table 1 shows the results of Gaussian
fitting of the continuum emission. When the emission is optically thin and the dust temperature is
constant, the disk mass is calculated by
Mdust =
D2F
κ1.3B(Tdust)
, (1)
where D (=140 pc) is the distance to the source, F is the flux density at 1.3 mm, and B is the
Planck function at the dust temperature, Tdust at 1.3 mm. The assumed dust opacity, commonly
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used for disks33, is κ1.3= 3.5 cm
2 g−1 .
The deconvolved disk sizes and the inclination of each disk are listed in Supplementary Table
2. The inclination of a disk can be calculated by the size ratio between major and minor axes,
cos−1 (θmin/θmaj). The calculated inclinations for A and B are ∼ 55◦ and ∼ 59◦, respectively.
The C18O emission
Supplementary Figure 1 shows the C18O spectra extracted from the two disk positions (A
and B) and a position (C) in between as marked in Figure 1 of the main paper. The broad wings
detected in C18O trace the disk rotation. The red and blue wing components are shaded as red
and blue, where the emission is integrated to demonstrate the disk rotation in Figure 3 of the main
paper. For IRAS 04191+1523 B, the blue wing spectrum is flipped on top of the red wing spectrum
to show that the red wing is contaminated by an additional component, which is likely the emission
from infalling material because C18O J = 2→ 1 is a high density tracer. Therefore, we use only
the blue wing to determine the Keplerian rotation for protostar B.
The velocity profiles for high velocity wings of IRAS 04191+1523 A and B, respectively,
along the white lines in Figure 3 of the main paper are presented in Supplementary Figure 2 in
logarithmic scale. In this figure, the X-axis represents the position of peak emission found by
Gaussian fitting of the emission distribution along the white line in Figure 3 at a given velocity.
The best-fit power-law profiles to the data have power indices similar to the value (0.5) for the
Keplerian rotation; the scatter could be caused by/from contamination of other gas motions such
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as infall. As a result, we applied the Keplerian rotation to their velocity profiles to derive the
masses of two protostars (see Figure 4 in the main paper.) The masses after correction for disk
inclination are 0.14 and 0.12 M⊙, for protostars A and B, respectively (see Supplementary Table
3). With these masses, we can test the stability of this protostellar binary system14. When the
velocity difference of two sources is ∼0.1 km s−1 (similar to the velocity resolution of the C18O
observation) and the projected separation is considered as the actual separation, the ratio of kinetic
energy to gravitation energy is about 0.04 and 0.05 for protostars A and B, respectively, indicating
that this binary is likely bound.
The projected position angles of two disks were determined using channel maps as presented
in Supplementary Figure 3. The blue- and red-shifted components from the source velocity (vs) by
the amounts indicated above each panel are presented as contours. In each channel, the positions
of the blue- and red-shifted emission peaks were connected to determine the position angle. The
mean and standard deviation of the position angles for velocity shifts between vs±0.9 and vs±1.4
are listed in Supplementary Table 1. The difference in the projected position angles of the two
disks is about 77◦. The true position angle difference depends on projection; if we consider the
disk inclinations derived from the continuum images, the position angle difference of the two disks
in space is 63± 5.8◦ or 98± 5.5◦ depending on the direction of two disk inclinations.
Data Availability
The data that support the plots within this paper and other findings of this study are available
fromALMA archives with project codes 2013.1.00537.S (https://almascience.nao.ac.jp//aq/?project code=2013.1.00537.S)
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and 2015.1.00186.S (http://almascience.nao.ac.jp//aq/?project code=2015.1.00186.S) and from the
corresponding author upon reasonable request.
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Figure 1: Two compact continuum sources detected in the 1.3 mm continuum (black contours)
on top of the C18O J=2-1 integrated intensity (colour image). The lowest contour and subsequent
contour step are 20 times the rms noise of 1.0 mJy beam−1. A and B indicate the positions of pro-
tostars. More extended C18O emission exists around A although the 1.3 mm continuum emission is
stronger around B. C represents a common envelope position not associated with compact contin-
uum emission. The peak intensities (and their 1 σ error) of the two continuum sources, which are
measured with the task imfit in CASA, are 51 (±0.9) and 76 (±1.0) mJy beam−1, respectively.
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Figure 2: Continuum images in two different resolutions. The upper and lower panels show the
1.3 mm continuum images in the resolutions of ∼1.2′′ and ∼0.2′′, respectively, when the uniform
weighting is adopted. In the higher resolution images, two continuum sources are resolved as disks
(see the text and Supplementary Table 1 and 2).
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Figure 3: Protostellar binary disks detected in the high velocity wings of the C18O J = 2→ 1
emission line on top of the continuum image (gray scale). The red and blue components are inte-
grated in the velocity ranges from 7.65 to 9.15 km s−1 and from 4.35 to 5.85 km s−1, respectively.
The lowest contour and subsequent contour step are 10 times the rms noise of 2.4 mJy beam−1 km
s−1. The white lines connect the blue- and red-shifted emission peaks, and thus, they are consid-
ered to be perpendicular to the disk rotation axes. The peak-position-velocity diagrams, presented
in Figure 4, are obtained along these lines.
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Figure 4: The velocity profiles for high velocity wings of IRAS 04191+1523 A and B, respec-
tively, along the white lines in Figure 3. Only blue shifted velocities are plotted for B because the
red shifted emission is contaminated by an additional component (see Supplementary Figure 1).
The source velocity is found from the spectrum at the position C in Figure 1 (see Supplementary
Figure 1), as 6.75 km s−1, in which the velocity profiles for red and blue-shifted wings of IRAS
04191+1523 A are consistent without displacement as seen in the figure. The solid curves repre-
sent the best-fit Keplerian velocity profiles with the central mass of 0.09 M⊙ for both sources when
an edge-on view is assumed. The vertical error bars represent the velocity resolution (∼0.08 km
s−1), and the horizontal error bars indicate the 1 σ error in the position of emission peak, which
is derived by Gaussian fitting of the C18O emission distribution along the white lines marked in
Figure 3 at a given velocity channel.
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Supplementary Figure 5: The C18O spectra for the two disk positions and in between the two
disks (position C in figure 1 of the main paper). The spectrum at C represents the common envelope
with no disk emission. Therefore, we define the velocity ranges (shaded as blue and red) for the
disk emission based on this spectrum. The blue line above 7.65 km s−1 at the position B indicates
the spectrum of the blue wing reflected about the source velocity of 6.75 km s−1, which is marked
with the dashed line. It shows an additional bump in the red wing at the position B. A Gaussian fit
places the additional component at 8.9 km s−1.
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Supplementary Figure 6: The velocity profiles for the high velocity wings of IRAS 04191+1523
A and B, respectively, in logarithmic scale. The data points and error bars are the same as in Figure
4. When the velocity profile follows a power-law function with radius ( |∆V | ∝ r−b), the least
squares fitting method show the best-fit power indices (and their uncertainties) of A and B are 0.69
(±0.09) and 0.42 (±0.14), respectively. These values are similar to the power index (0.5) for the
Keplerian rotation.
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Supplementary Figure 7: The channel maps of high velocity components of the C18O emission
for IRAS 04191+1523 A (top) and B (bottom) on top of the continuum image (gray scale). The
lowest contour and subsequent contour step are 5 times the rms noise, which is 6.9 mJy beam−1
and 10.9 mJy beam−1 for A and B, respectively. The thin black line marked in each box connects
the blue- and red-shifted emission peaks. The mean and standard deviation of the position angles
measured from the thin black lines are 2.9 ± 4.1◦ and −74.0 ± 6.1◦. The velocity marked at the
top of each column indicates the velocity shifted from the source velocity.
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Supplementary Table 1: Source Properties of IRAS 04191+1523
R.A. Dec. Continuum Flux density Continuum Peak Intensity Disk massa
mJy mJy beam−1 ×10−3 M⊙
A 04:22:00.4283 +15:30:21.189 53.5 33.1 3.70
(0′′.001) (0′′.002) (1.1) (0.46) (0.08)
B 04:22:00.0826 +15:30:24.605 71.1 10.2 4.91
(0′′.001) (0′′.009) (3.2) (0.41) (0.22)
The continuum flux density and peak intensity are measured with the task, imfit in CASA. The value in parenthesis is the error (1 σ).
aThe disk mass is calculated by the equation (1) in Methods.
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Supplementary Table 2: Deconvolved Disk Sizes and Inclinations of IRAS 04191+1523
θmaj
a θmin
a θincl.
b P.A.
mas mas ◦ ◦
A 189.3 (9.0) 109.4 ( 5.4) 54.6 (2.8) 0.0 (3.9)
B 608 (29) 309 (20) 59.3 (2.7) -55.2 (3.1)
These are measured with the CASA task, imfit. The value in the parenthesis is the error (1 σ).
The synthesized beam is 0′′.24×0′′.14 (P.A. = 14.72).
aFWHM of major and minor axes.
b θincl. = cos
−1 (θmin/θmaj).
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Supplementary Table 3: Protostellar mass derived by Keplerian rotation velocity profile
Minimum massa Actual massb
M⊙ M⊙
A 0.09 (0.003) 0.14 (0.01)
B 0.09 (0.006) 0.12 (0.01)
a Protostellar mass derived assuming edge-on disk.
b Protostellar mass corrected for inclination (see Supplementary Table 2).
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